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Abstract-V/e report on the effective side detection of ra- 
diation-mode out-coupling from blazed fiber Bragg grat.ngs 
tfFBGs) fabricated in single-mode fiber (SMF) an< > ™'" m ° d « 
fiber (MMF). The far-field radiation power distribution from 
BFBGs have been measured achieving a hi ^JP aUa ~2^'™ 
resolution (0.17 mm/nm). We have also in^S»»«* 
Shetransmission-loss characteristics of BFBGs ,n both fiber types, 
fabricated using phase-mask and holographic .nscr.pt.on tech- 
niques! Our result reveal clearly that the radiation out-coupbng 
from BFBGs is significantly stronger and spectrally more confined 
in MMF than in SMF. 

Index Terns-Blared fiber Bragg gratings (BFBGs), multimode 
Gbers (MMFs), radiation-mode out-coupling, single-mode fibers 
(SMFs). 

I. Introduction 

MOST FIBER Bragg grating (FBG) applications utilize 
coupling between forward and backward propa- 
gating core modes. Different mode couplings exist, such as 
core-cladding and core-radiation coupling, which are usually 
associated with long-period and blazed (or tilted) grating 
structures, respectively. Radiation-mode out-coupling from 
blazed FBGs (BFBGs) has already been demonstrated for 
applications in wavelength-division-multiplexing (WDM) 
channel monitoring [I], gain flattening of erbium-doped fiber 
amplifiers [2], polarization discrimination [3], and opucal 
sensor interrogation 14); there are, however, very few reports to 
date on the side detection of radiation modes at the graung s 
location within the fiber. Side detection of radiation modes 
offers many application-specific advantages; for example, in 
conjuncuon with a charged-coupled device array detector, the 
function of side-tapping light with high spectral resoluuon from 
BFBGs may be utilized to implement a spectrometer funcuon 
or to form the basis of low-cost WDM devices. In this letter, 
we report for the first time to our knowledge, the effective side 
detection of radiation-mode profiles of BFBGs fabricated in 
single-mode fiber (SMF) and multimode fiber (MMF). We have 
comparatively investigated the radiation-mode out-coupling 
characteristics of BFBGs in both fiber types fabricated using 
phase-mask and holographic inscription techniques. 
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II. CHARACTERISTICS OF TRANSMISSION-LOSS PROFILES 
OF BFBGs 

BFBGs may be ultraviolet (UV)-inscribed using the 
phase-mask or the holographic interference techniques. Fringes 
in BFBGs are slanted either by tilting the mask with respect to 
the fiber or by rotating the fiber in the plane formed by the two 
interfering beams. Considering the geometrical arrangements 
in the two fabrication systems [5], [6] and applying the phase 
match conditions for Bragg reflection and radiation-mode 
out-coupling [7] 



K B = K in + Kg 

Kr — K\ n 4- K' G 



(1) 

(2) 



where Kl and K% are the Bragg and radiation-mode wave vec- 
tors, respectively, kZ is the_wave vector of incident light, and 
K%(K G = 2tt/ A g ) and K C {K' G = 27r/(yl c cos<? inl )) are 
the grating wave vectors; we can plot the relationship between 
Bragg and radiation responses and the external tilting angles of 
the fiber, as shown in Fig. 1(d). Two trends can be clearly seen 
from Fig. 1(d): with increasing tilt angle, 1) the Bragg response 
shifts nonlinearly toward longer wavelengths at a much higher 
rate for the BFBGs fabricated using the holographic method 
than that using the phase-mask technique; 2) the radiation re- 
sponses of gratings fabricated using both methods shift in op- 
posite directions with a similar rate. 

In order to examine the characteristics of the radiation-mode 
out-coupling, BFBGs were UV-inscribed in standard telecom 
J/ 2 -loaded SMF and MMF by both phase-mask and holo- 
graphic techniques. The tilt angles for gratings written by the 
phase-mask method were limited by the narrow width of the 
mask's fringe patterns to 6° whereas the holographic setup 
yielded up to 20°. 

Fig. 2(a) and (b) shows the transmission spectra for two 
sets of BFBGs fabricated in SMF by the phase-mask and 
holographic methods, respectively. The transmission-loss char- 
acteristics are clearly related to tilt angle by Fig. 2, wherein it is 
further demonstrated that with increasing tilt angle, the Bragg 
resonance shifts toward longer wavelengths while its strength 
decreases. The radiation-mode out-coupling (appearing as 
a broad transmission-loss peak) also evolves as its strength 
decreases and dynamic range increases when the fringes are 
more slanted. However, it is noted that the wavelengths at 



1041-1 I35/03$I7.00 © 2003 IEEE 



BNSDOCID <XP. 22B2688A_I_> 



ZHOU et at.: SIDE DETECTION OF STRONG RADIATION-MODE OUT-COUPLING FROM B LAZED FBGs 937 




1640- 



1 ' ' i ' 1 1 1 ■ ? » 

0 5 10 16 20 

External tilted angle (°) 

Fig. I . (a) Geometry of a BFBG; wave vecior relationships for (b) radiation 
and (c) Bragg phase match conditions, (d) Calculated relationship between 
Bragg and radiation wavelengths and external tilt angles for BFBGs realized 
using phase-mask and holographic methods. 
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fig. 2. Transmission-loss profiles of two sets of BFBGs in SMF fabricated 
using (a) phase-mask and (b) holographic techniques. Note: the top two curves 
in (a) and the top curve in (b) are magnified by five and three limes, respectively. 
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Fig. 3. Transmission-loss profiles of two sets of BFBGs in MMF fabricated 
using (a) phase-mask and (b) holographic techniques. Note: the smoother curve 
in the bottom plot of (a) is the profile of the grating immerged in index -matching 
gel. 

experiment is in excellent agreement with the modeling results 
shown in Fig. 1(d). It should be pointed out thai in order to 
eliminate the resonant features of the transmission profiles, 
caused by the cladding-mode coupling effect, the gratings were 
immersed in index-matching gel to mimic an infinite cladding 
layer; smooih radiation profiles were, thus, obtained. However, 
it was noted that the transmission profiles of blazed gratings 
made by the holographic method were relatively smoother [as 
shown in Fig. 2(b)] than those written using the phase-mask 
method when measured in air. This profile smoothing effect 
results from the slightly chirped structure of the gratings 
introduced by the somewhat diverging UV beam used in the 
holographic system during the fabrication. 

Fig. 3(a) and (b) shows typical transmission-loss profiles for 
two sets of BFBGs produced in MMF by the phase-mask and 
the holographic methods, respectively. The profiles were mea- 
sured without immersing the gratings in index-matching gel. 
Distinct cladding-mode coupling features (a comb-like reso- 
nance) are apparent on the profiles of the gratings made by the 
phase-mask technique. As with the SMF gratings, there is a pro- 
file-smoothing effect on the blazed gratings fabricated using the 
holographic technique. Although in general gratings in MMF 
show a similar tilt-angle induced spectral profile evolution to 
SMF, the radiation-mode out-coupling is significantly stronger 
and more spectrally confined in MMF than in SMF. For ex- 
ample, gratings with a 10° tilt angle produced by the holo- 
graphic technique achieved a maximum radiation out-coupling 
of 14 dB with a 10-nm (measured at 3-dB positions) dynamic 
range in MMF compared with only 4.5 dB with 15 nm in SMF. 
The strong radiation-mode out-coupling in MMF is expected 
since MMF has a much larger core (50 /xm) which covers more 
tilted fringes than SMF docs, thus resulting in stronger wave- 
length-selective radiation out-coupling. 



which maximum radiation loss occur shift in opposite direc- 
tions with increasing lilt angle for blazed gratings fabricated by 
both methods. The increasing lilting angle induced movement 
tendency of Bragg and radiation responses observed in the 



III. Side Detection of Radiation Power Distribution 

If radiation-mode out-coupling can be detected from the 
grating position within the fiber, an optical spectrum analyzer 
function may be easily implemented. This function is of 
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Fig. 4. (a) Schematic diagram of the side detection of BFBC. (b) Plots of 
peak power of radiation out-coupling against wavelength (top curve) measured 
by side detection, transmission-loss profile (bottom curve) measured by end 
detection, and spatial -to-spectral relationship (squared curve) for a BFBC with 
an externa! lilt angle of 6°. 



enormous utility since it offers an easy implementation method 
for low-cost WDM devices for applications in telecommuni- 
cations and optical sensing. To this end, we have performed 
an experiment to side-detect the radiation-mode out-coupling 
from blazed gratings using a side-detection system as sketched 
in Fig. 4(a). Previous papers [3], [7] and our theoretical study 
show that the directional radiation-mode out-coupling is 
strongly polarization dependent and is significantly weakened 
at large blaze angles. Thus, we chose a grating with a relatively 
small tilt angle (6°) for initial investigation. To eliminate the 
cladding-mode coupling effect, we immersed the grating in 
index-matching gel. A cylindrical lens was used to focus the 
light on to the detector. The detector was mounted on a motor- 
ized translation stage and used to scan the spatial distribution of 
the radiated light at distinct wavelengths, output from a tunable 
laser. 

The measured radiation power peaks along the x axis (along 
which the detector moves) for different wavelengths are shown 
in Fig. 4(b). When the wavelength of the injected light changes, 



the corresponding focus point on the x axis: moves, giving 
a clear spatiaJ-to-spectral relationship. The squared curve in 
Fig. 4(b) plots the peak power position against the wavelength, 
exhibiting a linear characteristic with a conversion coefficient 
of 0.17 mm/nm. The top and bottom curves in Fig. 4(b) are 
the radiation-mode out-coupling profiles from side detection 
and from end detection, respectively. The dissimilar shapes and 
center positions of these two curves are caused for the main 
part by the non-normalized side-detection measurement. The 
normalization of the side-detected radiation-mode profile could 
be realized if the radiation power was measured from both y 
and x direction. 

IV. Conclusion 

We have fabricated and fully characterized BFBGs in SMF 
and MMF-inscribed using both phase-mask and holographic 
writing techniques. Comparative characterization reveals that 
the radiation-mode out-coupling is significantly stronger and 
spectrally more confined for blazed gratings in MMF than 
those in SMF. More importantly, we demonstrated that the 
radiation-mode out-coupling can be effectively measured 
from the physical grating position within the fiber using the 
side-detection technique with a high spatial-spectral resolution 
(0.17 mm/nm). This spaual-to-spectral encoding function of 
BFBGs could be exploited for low-cost WDM devices and 
applications in telecommunications and optical sensing. 
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